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Abstract: Wheelflats are one of the most common defects found in railway systems. 
Wheelflats can result in decreasing passenger comfort and noise if they are slight, 
or serious incidents such as the derailment if wheelflats are severe. With the 
increasing demand for railway transportation, the speed and weight of rolling 
stocks tend to increase, which results in relatively rapid deterioration. Wheelflats 
are also affected by this increasing demand. To perform preventive maintenance 
for wheelflats, to keep wheelsets in a proper condition and minimize maintenance 
cost, the ability to detect and classify wheelflats is required. This study aims to 
apply deep learning techniques to detect wheelflats and classify wheelflat severity. 
Deep learning techniques used in this study are Deep Neural Networks (DNN), 
Convolutional Neural Networks (CNN), and Recurrent Neural Networks (RNN). 
1,608 samples are used to develop machine learning models. The models are 
evaluated in 3 different aspects consisting of the overall accuracy, the ability to 
detect wheelflats, and the ability to classify wheelflat severity. Results from the 
study show that DNN has the highest overall accuracy of 96%. In addition, DNN 
can be used to detect wheelflats with 100% accuracy. CNN performs better than 
RNN in overall accuracy and wheelflat detection. However, RNN has better 
performance than CNN in wheelflat severity classification. Therefore, DNN is the 
best approach for detecting wheelflats and classifying severity.  
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Wheelflats are a type of wheel defect mainly caused by sliding and slipping [1]. 
The sliding may be a result of low adhesion, frozen surface, leaf film, deteriorated 
brakes, or too high braking force. Wheelflats are common problems that rolling 
stocks suffer especially in autumn and winter, which significantly increases the 
chance of leaf film [2] and slip. They can potentially cause service delay or even 
rolling stocks needing to be removed from service for maintenance.  
Wheelflat occurs at the location where a wheel stops rotating and is dragged 
along the rail. When wheelflats occur, an impact between the wheel and the rail 
 
repeatedly happens when the rolling stocks run. This also affects passenger comfort 
and railway acoustics. From the impact, a sharp corner of wheelflat is worn and 
makes it more difficult to be detected by humans.  
If a wheelflat is detected quickly when its size and severity are small, it can be 
removed by the wheel turning process before it causes a serious incident. Although 
small wheelflats are less serious than larger ones, they can cause a high impact even 
if the speed of the vehicle is low [3]. The impact of rolling stock can damage both 
wheels and rails by increasing other defects. For a large wheelflat, the wheel turning 
process may not be sufficient to treat this issue and the wheel needs to be replaced. 
In the worst case, wheelflats are large and not detected, and they can damage the 
track, break the rails, or even cause a derailment. Therefore, both small and large 
wheelflats should be managed properly.  
Different techniques can be used to detect wheelflats, including ultrasound, 
impact force measurement, wheel radius variation measurement, and flaw detection 
[4]. In this study, the aim is to develop predictive models to detect wheelflats and 
classify the severity of wheelflats by using machine learning techniques. It is 
expected that the developed predictive model can detect wheelflats and classify their 
severity without an in-depth understanding of wheelflat mechanisms and subjective 
issues. The study uses forces between wheels and rails as a key parameter to detect 
and classify wheelflats, which can be collected even though rolling stocks run at full 
speed. This will save time and costs for detailed investigation.  
The objectives of this study are: 1) to develop predictive models for detecting 
wheelflats and classifying their severity by using deep learning techniques 
consisting of deep neural networks (DNN), 1D-convolutional neural networks (1D-
CNN), and recurrent neural networks (RNN) and 2) to compare the performance of 
each predictive model by comparing the accuracy. The scope of this study will focus 
on wheelflats, while there are no other defects in both wheels and rails. Data is 
obtained by reliable simulations for numerical data.  
The key contribution of this study can be summarized as follows;  
• This study presents the potential for applying deep learning techniques 
to detect and classify wheelflats and their severity of which there is no 
previous study. The detection and classification of wheelflats tend to be 
a difficult task without a detailed diagnosis. Wheelflats may be able to be 
detected by passenger comfort when the size of wheelflats is large. 
However, with the advanced suspension system of rolling stocks in the 
present, detecting small wheelflats without a tool is difficult.  
• DNN is used to develop a predictive model. Features of the prediction 
are carefully selected to ensure that they are significantly related to 
wheelflat detection and classification. This study demonstrates which 
features should be used to detect or classify wheelflats. 
• CNN is used to present the accuracy of the prediction when the machine 
detects and classifies wheelflats by itself without feature engineering by 
humans. The accuracy of the CNN model will demonstrate the 
 
performance of machine learning in capturing the pattern in the data and 
using the pattern for the prediction. 
• RNN, which is normally used for sentence or speech recognition, is 
applied in this study. This study will show whether RNN is appropriate 
for engineering prediction when compared to other deep learning 
techniques.  
• The predictive models developed in this study can be used for the 
maintenance plan of railway systems to manage wheelflats efficiently. 
The maintenance plan can be developed depending on risk and cost 
management. 
This study is presented as follows; the literature review and the research gap are 
presented in Section 2 and the background of deep learning techniques used in this 
study is presented in Section 3. Section 4 presents the data used in this study to 
develop predictive models and related software. Techniques and model structures 
are presented in Section 5. Results from the model development and test are 
presented in Section 6. The discussion and conclusion are presented in Section 7 and 
8 respectively.   
2. Literature review  
Wheelflats are a common and serious problem in railway systems. Various 
techniques are used to study their effect on railway systems. Dong et al. [5] applied 
finite element to determine dynamic force between wheels and rails and strains. 
Wheelflats were included in the study to study how they affected dynamic forces. 
They found that the axle load and speed were critical parameters which affected 
dynamic forces. From the increasing demand for railway transportation, the axle 
load and speed of rolling stocks tend to increase according to the demand which 
results in more severe wheelflats. To prevent serious incidents and perform 
preventive maintenance, a capability to detect wheelflat and classify their severity is 
required.  
To detect wheelflats, various approaches are used. An acceleration was basically 
used to detect wheelflats by calculating energy and Fourier transform [6]. It showed 
that acceleration could identify wheelflats. Yue et al. [7] used wavelet transform to 
detect wheelflats and mainly used vibration as an indicator to detect wheelflat. From 
their study, it is apparent that the use of time-domains might lead to mistaken 
detection. They claimed that using data based on FFT (Fast Fourier transform) was 
more precise than time-domains especially when peak values were used. Belotti et 
al. [8] also applied wavelet signals to detect wheelflats. They also found that using 
frequency-domains was more precise. They set a speed range of 10-100 km/h. Using 
their approach, wheelflats can be detected with 94% accuracy. A tool to collect 
frequency-domain data could be Fiber Bragg Gratings installed at tracks [9]. 
Ultrasound was another approach used to detect wheelflats although it required 
time and money to do [4].   
 
Although vibrations or accelerations are commonly used to detect wheelflats, 
there was no efficient processing tool to analyze collected data [10]. Various studies 
have proposed methods to interpret the data. Gao et al. [11] applied neural networks 
and genetic algorithms to detect wheelflats. The main parameter in their study is the 
mean of noise. They claimed that the proposed technique could improve the 
accuracy of detection by 10% compared to the traditional methods used in China. 
However, their study used noise and speed as the main parameters meaning models 
of rolling stocks could affect the performance of the detection. Li et al. [12] state that 
although vibration was mainly used to detect wheelflats, the data was usually 
contaminated with other noises such as background noise and deteriorated track 
structure. Therefore, they used adaptive multiscale morphological filtering (AMMF) 
to detect wheelflats and found the result was satisfying. Krummenacher et al. [13] 
applied machine learning techniques to detect wheelflats. They used a wagon as the 
case study. Vertical forces were used as the main parameter. The techniques they 
used are support vector machine and neural networks. They applied 2D-
convolutional neural networks with time-domain data. In their study, the accuracy 
of the prediction was 81-92%. Deep learning techniques were used for various 
purposes. For example, they are used for automating inspection in industries [14]. 
Deep learning has the potential to be applied in railway systems for defect detection, 
which this study will conduct.  
From the literature review, it is apparent that various techniques have used to 
detect wheelflats. However, studies on wheelflat severity classification are still 
limited. In addition, features used to detect and classify wheelflats are not highly 
varied. In terms of raw data, frequency-domain data has not been used for neural 
networks which expected to provide a satisfying outcome. It can be seen that the use 
of deep learning techniques to detect and classify wheelflats is new in this field. This 
study aims to fill this research gap and demonstrate the potential of deep learning 
in railway systems.     
3. Background  
This study applies deep learning techniques to develop predictive models for 
detecting and classifying wheelflat and its severity. In this case, deep neural network 
(DNN), convolutional neural network (CNN), and recurrent neural networks (RNN) 
are used. For DNN, the characteristics of the model are similar to traditional neural 
networks. The details of CNN and RNN are demonstrated in this section.  
3.1. Feature extraction  
To develop predictive models, some features need to be fed into models if DNN 
is used. In other words, feature selection is made by humans. However, if raw data 
is used, CNN can be used to extract features from the data by machines or 
unsupervised learning [15]. Therefore, no knowledge is required to do feature 
extraction and it is not affected by cognitive bias. This is one of the main benefits of 
 
using CNN for classification. To conduct feature extraction, components of CNN 
have their own particular roles. 
Like other neural networks, weights and biases are adjusted during the training 
process. Weights are related to features. To identify features, local dependencies of 
the data need to be detected. A result of feature extraction is feature mapping. For 
CNN, detected features are called filters. The number of features can be adjusted by 
filters. This is done in a convolutional layer. In a convolutional layer, there are 
moving windows (called kernels) which move along the data to extract features. The 
number of features is directly related to the number of kernels because a kernel can 
represent a feature. The size of the kernels can be adjusted and identifies the number 
of data used to calculate representatives. A set of data is calculated by an activation 
function.  
A pooling layer is an important layer in CNN. The concept is although an image 
is smaller, humans can still classify the image and machines are likely to be able to 
do as well. The pooling layer can be placed after a convolutional layer to maintain 
significant data. Advantages of the pooling layer include reducing the sensitivity of 
the output from the convolutional layer and reducing the number of parameters 
required to be trained because the pooling layer will extract only significant data for 
the prediction. As a result, the training process will be faster when using pooling 
layers. One of the most notable pooling layers is a max pooling layer which extracts 
a maximum data in a set of data or a kernel as a representative, and will be used in 
this study. As convolutional layers, the size of kernels in max pooling layers can be 
adjusted. The output from a pooling layer is shown in Figure 1. 
 
Figure 1. The output from a pooling layer 
Convolutional layers can be used with or without pooling layers depending on 
problems or performance during model tuning. One part of the predictive model 
containing convolutional layers and pooling layers is feature extraction which is one 
of two parts of CNN models. Another part of the CNN models is the classification 
part which contains dense layers or fully-connected layers. To connect the feature 
extraction and classification parts, a flatten layer is used to transform nD-array to 
1D-array to feed the input into dense layers. This process is called flattening as 
shown in Figure 2. 
 
 
Figure 2. The flattening process and the classification part  
One of the most serious weaknesses of machine learning models is overfitting. 
Overfitting occurs when some features are more significant compared to other 
features. In other words, the model tends to memorize the output instead of predict. 
To prevent overfitting, different models can be used to predict and outputs are used 
to do the prediction again. However, using many models is time-consuming and 
resource-consuming. Dropout is a concept to prevent overfitting. A function of 
dropout is that some features are randomly ignored during the training process. 
When relatively significant features are ignored, other features need to be used to 
make the prediction instead to maintain the performance of the model. Therefore, 
there is no feature that mainly used to predict. Dropout can improve the 
performance of the model through regularization or making the model general 
enough to handle diverse data. 
3.2. Long short-term memory 
The main characteristic of RNN is it has memory units in a model. In contrast to 
other neural networks which features are independent, features in RNN are related 
to each other. At the same time, RNN can remember these relationships during the 
training process. Therefore, it is believed that RNN can provide better performance 
when used with sequential data. The sequences of data are also important to RNN 
because the model is trained in loops.  
One of the noteworthy RNN is a concept of long short-term memory (LSTM) is 
used. LSTM consists of 3 gates: the input gate, forget gate, and output gate. Because 
RNN can memorize everything fed into the model, it can suffer from a large amount 
of data due to long processing time and unnecessary data. The forget gate is used to 
determine how much data should be memorized and removed from the model. The 
input gate is used to update data when the model finds significant features which 
will be used further. The output gate is used to determine the output which will be 
sent to the next stage of training. From these 3 gates, in contrast to the traditional 
neural network, the same input can result in different outputs depending on the 
previous input in the sequential data. Like CNN, the main benefit of RNN with 
sequential data is that it does not require knowledge or expertise to extract features 
 
because machines will do this by pattern recognition. RNN also has the capability to 
be fed multiple parallel sequential data. Therefore, it can be applied to predict 
wheelflats when sequential data from 2 wheels is used to train the model.     
4. Data and Experiment  
4.1. D-Track 
This study uses the dynamic behavior of wheels and rails as its case study. D-
track simulation is applied to simulate the dynamic behavior and generate 
numerical data. D-track was developed in 1994 [16]. The user interface of the 
simulation was developed and a validation of accuracy was conducted in 2005 [17]. 
However, there were issues with accuracy [18]. Then, D-track was revised to 
improve accuracy. From the revision, the error from the simulation was reduced to 
less than 15% [19]. Results from previous simulations by D-track are reliable and can 
be used as benchmarks for this study. The window of D-Track is shown in Figure 3. 
The software is flexible enough to adjust track profile and properties, vehicle 
properties, analysis, and irregularity. For the track, the rails and substructure 
properties can be adjusted, including the type of rail, sleeper type and spacing, and 
track bed properties. For the vehicle, the detail of vehicle, bogie, and wheel can be 
adjusted, including speed and diameter of wheels. Meanwhile, the location of the 
analysis can be selected. In this study, the analysis is done every 0.0005 seconds. 
Therefore, the results from simulations are reported on a 2,000 Hz basis. The 
irregularity can be input in the software both rail and wheel irregularity. In this 
study, wheelflats are the only irregularity analyzed. The length and depth of 
wheelflats can be set in this window. The output of the software can be exported in 
the form of reports and graphs. Different forms of information are exported. In this 
study, the information is exported as reports. The information available is 
acceleration, force, moment and shear at rails and sleepers, and displacement. In this 
study, accelerations are calculated from forces and mainly used for model 
development. Further detail is presented in Section 4.2. 
 
Figure 3. D-Track simulation software  
 
 
4.2. Data   
Simulations in this study are conducted by using D-track. Different parameters 
are varied to create data diversity and simulate the dynamic behavior of wheels and 
rails in different situations. At the same time, some of these varied parameters will 
be used as features in model development.  
The varied parameters consist of sleeper spacing, which ranges from 600 to 750 
mm, speed of the vehicle which ranges from 20 to 200 km/hr, and the weight of 
vehicle which ranges from 40-80 tons, and size of wheelflats. Locations of wheelflats 
are assumed to be at sleepers and between sleepers. For the size of wheelflats, the 
relationship between the depth and length of the wheelflat can be explained by 
Equation (1), where R is the radius of wheels (mm), d is the depth of wheelflat (mm), 
and L is the length of wheelflat (mm). In the simulations, the function of the 
wheelflat when a vehicle runs along the track is explained in Equation (2) where x is 
the position of the vehicle related to the track.  













In this study, the sizes of wheelflats are set at 4 levels based on the depth and 
length of wheelflat which are level 0: no wheelflat, level 1: depth of 0.1 mm and 
length of 19.18 mm, level 2: depth of 0.55 mm and length of 44.98 mm, and level 3: 
depth of 1 mm and length of 60.63 mm when the radius of wheels is 460 mm. These 
numbers are set based on previous studies which mention that wheelflats should be 
limited to a length of 52-60 mm and a depth of 0.9-1.0 mm [20, 21]. Therefore, this 
study uses this criterion as the maximum value of wheelflat deflect and the less 
severe levels use lower numbers. Other parameters related to the simulations are 
fixed. 1,608 simulations are run to generate numerical data which can be categorized 
into 4 groups: level 0-3. The number of samples in each group is 888 at level 0 and 
240 samples each at levels 1-3. The summary of parameters for simulation is shown 
in Table 1.  
Table 1. Summary of varied parameters for simulations 
Parameter Variation  Step of variation  
Sleeper spacing 600-750 mm 50 mm 
Speed of vehicle 20-200 km/h 5 km/h 
Weight of vehicle 40-80 tons 20 tons 
Location of 
wheelflat  
Above sleepers and mid-span between 
sleepers 
N/A 
Wheelflat depth  0, 0.1, 0.55, and 1 mm Related to wheelflat length 
Wheelflat length 0, 19.18, 44.98, and 60.63 mm Related to wheelflat depth 
 
This study uses accelerations at the axle box as the main outcomes of the 
simulation. The accelerations at the axle box are also used as features for the 
 
predictive models. However, results from simulations are forces which need to be 
calculated for accelerations. An example of forces at the wheel-rail contact is shown 
in Figure 4. In this figure, there are 3 peak values and 3 bottom values. These values 
will be used as features for the prediction. This process requires data filtering to 
detect data which is significantly different between samples that the severities are 
different. From Figure 4, forces from samples with wheelflat are presented. Peak and 
bottom values will be different depending on the size of wheelflat. For samples 
without wheelflats, peak and bottom values are quite constant because the occurring 
forces are very smooth which is different to samples with wheelflats where there are 
impacts from wheel defects. To obtain features for the prediction, data needs to be 
filtered. The main differences between samples with and without wheelflats or 
samples with different sizes of wheelflat are the peak and bottom values. Data 
filtering is used to obtain peak and bottom values. At the same time, data filtering is 
used to remove unnecessary data which has the same characteristics in samples with 
and without wheelflats. Data filtering is done by using Visual Basic for Applications 
(VBA) for automated data preprocessing. Please note the data filtering is used for 
the DNN model only because CNN and RNN models use raw data as an input. An 
example of data with different parameters is shown in Figure 5.  
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Figure 5. An example of samples with different weights of rolling stocks 
To develop predictive models, data is used in 2 ways: simplified data and raw 
data. Simplified data is used as features for DNN. Raw data for axle box 
accelerations is used as features for CNN and RNN. To clarify, for DNN, the 
parameters which are used as features for the prediction are sleeper spacing, speed 
of vehicle, the weight of vehicle, 3 peak values and 3 bottom values of axle box 
accelerations. Therefore, there are 9 features for DNN as simplified data and 1 label 
for the prediction.  
As mentioned in Section 3, the main benefit of CNN is it can extract significant 
features through machines without human expertise. The main benefit of RNN is it 
can classify groups of data by sequential data. Therefore, raw data can be used in 
case of CNN and RNN. However, raw data cannot be used directly because the 
dimensions of data are different due to the speed of vehicle. From the software, the 
distance of simulations is fixed when the analysis is done every 0.0005 seconds. 
Therefore, time-domain data cannot be used directly because the duration of each 
simulation is different. In addition, as mentioned in Section 2, using frequency-
domain data provides more accuracy than using time-domain data. Therefore, raw 
data is transformed by using FFT to make data in the same dimension and improve 

































Figure 6. An example of processed data by FFT: (a) Axle box acceleration; (b) Axle box acceleration processed 
by FFT 
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Figure 7. In this study, raw data consists of 2 sets of data due to 2 axles where 
accelerations are measured. These 2 sets of raw data are transformed and used to 
detect wheelflats and classify wheelflat severity in CNN and RNN predictive 
models. The software analysis is done every 0.0005 seconds so the output data is 
2,000 Hz data. When data is processed by FFT, a two-sided spectrum is the result. 
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is presented in 
 
(a) 
Figure 6. An example of processed data by FFT: (a) Axle box acceleration; (b) Axle box acceleration processed 
by FFT 
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Figure 7 or the range of frequency is 0-1,000 Hz. In this figure, it can be seen that 
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Figure 6. An example of processed data by FFT: (a) Axle box acceleration; (b) Axle box acceleration processed 
by FFT 
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Figure 7. An example of processed data by FFT: (a) Axle box acceleration; (b) Axle box acceleration processed 
by FFT 
In summary, there are 2 groups of data used in this study. The first group is 
simplified data which consists of varied parameters from simulations and axle box 
accelerations from simulations. For this group, there are 9 features and 1 label for 
developing a DNN predictive model. The second group is raw data processed using 
FFT. This group of data is used to develop CNN and RNN predictive models. In 
1,608 simulations, each simulation is used as a sample. 70% of samples are used as 
training data and 30% of samples are used as testing data. The performance is 
measured by using accuracy as the main criterion. Other criteria are also used to 
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5. Model structures  
When data is ready, model development is conducted. This study applies DNN, 
CNN, and RNN as deep learning techniques for classification. Data is processed to 
be appropriate for each technique as mentioned in Section 4.2. The next step is 
predictive model structure design. In Section 3.1 and 3.2, the main components from 
each technique were presented. Those components are the main parts of each model 
structure developed by each technique. However, model tuning is done while the 
model structures are adjusted to ensure that the accuracy from each model is the 
best result that the models can deliver. These model structures for each technique 
are presented in the next section.  
5.1. DNN 
The structure of the DNN model is shown in Figure 8. The number of hidden 
layers and hidden nodes are adjusted to improve accuracy. The structure consists of 
1 hidden layer and the number of hidden nodes is 14. The number of nodes in the 
input layer and output layer is 9 and 4 respectively according to the number of 
features and classes. The activation function used in the hidden layer is ReLu 
(Rectified Linear Unit) which is 0 when the input is less than 0 and has the same 
value as the input when the number is more than 0. The activation function in the 
output layer is Softmax which returns the probability distribution or the probability 
of each class. The summed probability is 1 and the class with the maximum 
probability is selected as the predicted class.   
 
Figure 8. DNN structure  
5.2. CNN 
The structure of the CNN model is shown in Figure 9. The structure consists of the 
feature extraction part and the classification part. For the feature extraction part, 2 
 
pairs of convolutional layers and max pooling layers are applied. A dropout layer is 
placed between the 2nd convolutional layer and the 2nd max pooling layer to prevent 
overfitting. The proportion of dropout is 50%. Then, data is passed from the feature 
extraction part to the classification part by a flatten layer. The classification part 
consists of 3 dense layers. 2 of these are used as hidden layers where the number of 
nodes is 100. The last dense layer is the output layer. For the feature extraction part, 
the number of filters in the 1st and 2nd convolutional layers is 32 and 64 respectively. 
For the max pooling layers, the pooling size is 2 or the size of data is reduced by 50% 
to reduce the complication in the structure and the training time.  
From Figure 9, it can be seen that the input is 1D data with 2 channels. Each 
channel contains the axle box accelerations from a wheel processed by FFT. The 
dimension of the input is 1x670. After that, the input is passed through the first 
convolutional layer with 32 feature maps. The kernel size is 3 and the stride is 1. The 
activation function used in every convolutional layer is ReLu. After that, the data is 
subsampled by the first pooling layer. In this study, the max pooling technique is 
used. From the pooling layer, the data dimensions are reduced by half because the 
pooling size is 2 and the stride is 2. Next, the data is processed to the second 
convolutional layer. In this convolutional layer, the kernel size and stride are the 
same as the first convolutional layer. However, 64 feature maps are used to conduct 
feature extraction. The data is subsampled again in the second pooling layer. There 
is a dropout layer between the second convolutional and pooling layer to prevent 
overfitting and make the model perform better. These 5 layers make up the feature 
extraction. To pass the data to the classification part, a flatten layer is used. The 
flatten layer will rearrange the data in the form of a 1D-array. Each point of data is 
fully connected to the classification part. The classification part consists of 3 dense 
layers. 2 of these function as hidden layers with 100 hidden nodes and the other is 
the output layer with 4 nodes equal to the number of classes. The activation function 
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Figure 9. CNN structure  
5.3. RNN 
The structure of the RNN model is shown in Figure 10. The structure consists of 
an LSTM layer connected to the other 3 dense layers. The first 2 dense layers are 
used as hidden layers when the number of nodes is 100. The last dense layer is the 
output layer. 
Like the CNN model, the input of the RNN model is 2 sets of raw data which 
are processed by FFT. The time steps of the number of values in each data are 670. 
After that, the input is passed through the LSTM layer consisting of 200 LSTM cells. 
 
From Figure 10, it can be seen that a value is processed through every LSTM cell. For 
example, the first value is passed through the first LSTM cell. Then, it is passed 
through the second LSTM cell and so on. By doing this, each value is not 
independent of other values but it also affects the following values. This process is 
used to deal with the sequential data to detect the pattern and do classification. The 
activation function in the LSTM layer is ReLu. After that, the LSTM layer is 
connected with the classification part as the CNN model. In this case, the 
classification part consists of 3 dense or fully-connected layers. The activation 

















2 sets of FFT 
data with 670 
time steps
Single layer of 
200 LSTM 
cells








Figure 10. RNN structure 
6. Results 
From the model structures shown in Section 5, the number of nodes in the last 
layer is 4. This is because there are 4 classes mentioned in Section 4.2. In other words, 
the classes for wheelflat detection and wheelflat severity classification are combined 
together through level 0-3. This section will present the results of the overall 
accuracy by considering 4 classes together in Section 6.1. The performance in 
detection will be presented by considering level 0 and level 1-3 in Section 6.2. Last, 
the performance of the models in wheelflat severity classification will be presented 
by considering level 1-3 in Section 6.3.  
6.1. Overall accuracy  
The samples are separated into training data and testing data with proportions 
of 70/30 respectively. During the training process, the accuracy of the training data 
is increased to a certain value. In this case, it means the more epoch or training time 
does not result in higher accuracy. Therefore, the accuracy of the testing data is 
focused on. The accuracy is shown in Figure 11. From the figure it can be seen that 
accuracy can be improved when epoch is less than 30. After that, the more epochs 
cannot improve the overall accuracy. In addition, the accuracy varies, which is the 
nature of the machine learning model training where samples are selected to be 
trained and tested randomly. Figure 11 shows that the models with the highest 
accuracy are DNN. 
 
  
Figure 11. Accuracy of the testing data 
To summarize the overall performance of the models, accuracy, precision, and 
recall are used. The accuracy shows the proportion of correct predictions to the total 
number of testing data. Therefore, one model has one value of accuracy. The 
precision presents the proportion of correct predictions to the total number of 
predictions in an interesting class. In other words, precision shows how far the 
prediction is reliable. The recall presents the proportion of correct predictions to the 
total number of true labels in an interesting class. In other words, the recall shows 
how well a model can detect samples. In contrast to the accuracy, precision and recall 
have different values depending on classes. Therefore, each class has its own 
precision and recall. Results from the model development are shown by the 
confusion matrix. The confusion matrix presents the relationship between 
predictions and true labels. Values in the confusion matrix are calculated for 
accuracy, precision, and recall. A summary of accuracy, precision, and recall is 
shown in Table 2. 








Accuracy Precision Recall 
DNN CNN RNN DNN CNN RNN DNN CNN RNN 
Level 0 0.00 0.00 
0.96 0.80 0.77 
1.00 0.94 0.73 0.99 0.91 1.00 
Level 1 0.10 19.18 0.97 0.57 1.00 0.99 0.70 0.59 
Level 2 0.55 44.98 0.88 0.77 0.80 0.84 0.55 0.53 
Level 3 1.00 60.63 0.86 0.54 0.76 0.91 0.69 0.45 

























6.2. Accuracy of detection 
For the performance of predictive models in wheelflat detection, wheelflat levels 
1-3 are combined together to be compared with level 0. In this case, level 0 is called 
“without wheelflat” and level 1-3 is called “with wheelflat”. The accuracy, precision, 
and recall of the wheelflat detection are shown in Table 3. 
Table 3. Accuracy, precision, and recall of wheelflat detection 
Class 
Accuracy Precision Recall 
DNN CNN RNN DNN CNN RNN DNN CNN RNN 
Without wheelflat 
1.00 0.91 0.81 
1.00 0.94 0.73 0.99 0.91 1.00 
With wheelflat 0.99 0.88 1.00 1.00 0.91 0.62 
6.3. Accuracy of classification  
For the performance of predictive models on wheelflat severity classification, 
wheelflat level 1-3 are considered while level 0 is ignored. The wheelflat depth and 
length are shown in Table 2. In this case, wheelflat level 1-3 are called light, 
intermediate, and severe wheelflats respectively. The accuracy, precision, and recall 
of the wheelflat detection are shown in Table 4. 
Table 4. Accuracy, precision, and recall of wheelflat severity classification 
Class 
Accuracy Precision Recall 
DNN CNN RNN DNN CNN RNN DNN CNN RNN 
Light wheelflat 
0.91 0.70 0.84 
1.00 0.67 1.00 0.99 0.75 1.00 
Intermediate wheelflat 0.88 0.84 0.80 0.84 0.60 0.81 
Severe wheelflat 0.86 0.63 0.76 0.91 0.78 0.74 
In terms of the training time, DNN and CNN take less than 0 second to train the 
whole samples for 1 epoch. For RNN, the training time is significantly higher than 
DNN and CNN. The training time of RNN is 11 seconds for 1 epoch.  
7. Discussion  
This section describes the performance of developed predictive models in 
different aspects consisting of the overall performance, the performance in wheelflat 
detection, and the performance in wheelflat severity classification.  
7.1. Overall performance of predictive models  
From Table 2, the DNN model provides the highest accuracy, of 96%, while the 
accuracy of CNN and RNN models is 80% and 77% respectively. From this, it can be 
concluded that DNN is the most appropriate technique for developing the predictive 
model for detecting wheelflats and classifying wheelflat severity. For DNN, 9 
features are used as the inputs: sleeper spacing, the weight of vehicle, speed, 3 peak 
values of axle box accelerations and 3 bottom values of axle box accelerations. These 
features tend to be directly related to wheelflats because wheelflats result in impact 
when rolling stocks run. Although CNN is claimed to not require the expertise of 
feature extraction because the machine will take care of feature extraction itself, 
using raw data as an input to predict wheelflats provides a lower accuracy than 
 
DNN. Some key features are missing when raw data in the form of axle box 
accelerations is used, such as speed and weight of vehicles. Therefore, if features 
which are significantly related to the prediction are known, using DNN can provide 
a better result. That is why CNN and RNN cannot detect and classify wheelflats as 
well as DNN. RNN provides the lowest accuracy because it is not designed for this 
purpose originally. In the first place, RNN is designed for tasks were sequential data 
is related to each other such as an order of words in a sentence. However, the 
sequential data of axle box accelerations seems to not be related to other values in 
the sequence as much as the order of words in a sentence. For precision and recall, 
DNN also performs well while CNN and RNN have relatively low precision and 
recall while some values are lower than 50%. That means the predictions from CNN 
and RNN in some cases are not reliable. For example, the recall of level 3 from the 
RNN model is 45%, which means the RNN model can detect severe wheelflats only 
45% correctly while 55% of severe wheelflats are classified as lower severe 
wheelflats. This is critical because severe wheelflats can result in serious incidents 
such as derailment. Another example is the precision of level 3 from CNN which is 
54%. This means only 54% of severe wheelflats are predicted correctly while another 
46% of the prediction is not of severe wheelflats. This shows the model is not reliable.  
7.2. Performance on wheelflat detection 
 Table 3 presents the performance of wheelflat detection of each model. 2 groups 
of samples are compared: samples with and without wheelflats. DNN has 
outstanding performance, with its accuracy, precision, and recall being almost 100%. 
Therefore, DNN is the most suitable technique to be used to detect wheelflats. CNN 
performs better than RNN in wheelflat detection. The accuracy levels of CNN and 
RNN are 91% and 81% respectively. The precision and recall of CNN are higher than 
85%. However, for RNN, some values are significantly lower than other models. For 
example, the recall of “with wheelflat” class is 62%. There are cases when the 
precision and recall of RNN are equal to 1. From this, it can be said that RNN 
fluctuates in its wheelflat detection. From Table 3, it can be seen that if the DNN model 
detects wheelflats, the reliability is 100%. In conclusion, DNN is the best model for 
wheelflat detection while RNN is the worst for wheelflat detection. 
7.3. Performance on wheelflat severity classification  
For wheelflat severity classification, DNN is the best option, with an accuracy 
level of 91%. RNN performs better than CNN in this case. In terms of precision of 
detecting light wheelflats DNN and RNN are 1 which means when DNN and RNN 
classify wheelflats as light, they can be absolutely reliable. It should be noted that, 
in some cases, precision and recall of CNN are about 60% which are lower than other 
models. Therefore, RNN is slightly better than CNN for wheelflat severity 
classification. In reality, DNN is the most appropriate for wheelflat classification 
because its precision is higher than other models. In addition, light wheelflats can be 
detected correctly by using DNN before wheelflats become severe. Efficient 
 
wheelflat management when the size of wheelflat is small can reduce the subsequent 
defects of wheels and rails due to high impacts from small wheelflats. 
In brief, the DNN model provides the best performance in every aspect. 
Therefore, the DNN model is the best for wheelflat detection and severity 
classification. This will lead to an efficient maintenance plan to deal with wheelflats. 
Predictive models can be applied to detect wheelflats and their severity in different 
ways by using the axle box acceleration which is practicable and effective. 
Automated software can be developed to measure real-time accelerations. These can 
then be fed into the models to defect and classify wheelflats.  
8. Conclusions  
This study uses numerical data generated by simulations to develop predictive 
models for wheelflat detection and severity classification. Deep learning techniques 
are used to develop predictive models. The selected deep learning techniques are 
DNN, CNN, and RNN. 1,608 simulations were run in this study and used as 
samples. The ratio between training data and testing data is 70/30. Data from 
simulations are used in 2 ways, simplified data and raw data. For simplified data, 
data is processed to contain 9 features and used to develop the DNN model. For raw 
data, axle box accelerations of 2 wheels are transformed by using FFT to develop 
CNN and RNN models. From the model development, DNN has the highest 
accuracy in every aspect. Therefore, to optimize the use of predictive models, DNN 
should be used in the machine learning model.  
This study shows that deep learning techniques have potential in wheelflat 
detection and severity classification. The developed predictive model provides 
satisfying performance from the accuracies which higher than 90% in every aspect. 
Therefore, applying deep learning techniques can be integrated with railway 
maintenance plans. 
Deep learning techniques can also be applied in railway maintenance in other 
aspects. The predictive models can be improved by including other defects in order 
to obtain a more comprehensive application. Although developing deep learning 
models requires data and the investment in the data collection tool, it is certain that 
maintenance costs in railway systems will be reduced in the long term and the 
capability of detection and classification will be more reliable because there is no 
human error in the process. The optimum goal of applying data in organizations is 
to be data-driven which the railway industry can achieve by applying machine 
learning and data science. 
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